SCHOOL  OF 


CIVIL  ENGINEERING 


JOINT  HIGHWAY 
RESEARCH  PROJECT 

JHRP-74-6 

EVALUATION  OF  PARAMETERS 
SIGNIFICANTLY  INFLUENCING  THE 
PERFORMANCE  OF  CONTINUOUSLY 
REINFORCED  CONCRETE  PAVEMENTS 

Asif  Faiz 
E.  J.  Voder 


.^^'. 


PURDUE 
INDIANA  STATE 


UNivERsrrv 

HIGHWAY  COMMISSION 


Technical  Paper 

EVALUATION  OF  PARAMETERS  SIGNIFICANTLY  INFLUENCING  THE 
PERFORMANCE  OF  CONTINUOUSLY  REINFORCED  CONCRETE  PAVEMENTS 


by 

Aslf  Falz 
Graduate  Instructor 

and 

Eldon  J.  Yoder 
Professor  of  Highway  Engineering 


Joint  Highway  Research  Project 
Project  No. :   C-36-52J 
File  No. :   6-20-10 


A  paper  submitted  to  the  American  Concrete  Institute 
for  presentation  at  the  1974  Annual  Convention,  San  Francisco, 
California. 

March  30-Aprll  5 


Engineering  Experiment  Station 
Purdue  University 

In  cooperation  with  the 

Indiana  State  Highway  Commission 


Purdue  University 

West  Lafayette,  Indiana 

May  1,  1974 


Technical  Paper 

EVALUATION  OF  PARAMETERS  SIGNIFICANTLY  INFLUENCING  THE 
PERFORMANCE  OF  CONTINUOUSLY  REINFORCED  CONCRETE  PAVEMENTS 


TO:    J.  F.  McLaughlin,  Director 

Joint  Highway  Research  Project 

FROM:   H.  L.  Michael,  Associate  Director 
Joint  Highway  Research  Project 


May  1,  1974 
Project:   C-36-52J 
File:   6-20-10 


The  attached  Technical  Paper  "Evaluation  of  Parameters 
Significantly  Influencing  the  Performance  of  Continuously 
Reinforced  Concrete  Pavements"  has  been  authored  by  Messrs. 
Asif  Faiz  and  E.  J.  Yoder.   The  Paper  is  from  information 
resulting  from  the  JHRP  research  study  in  progress  on  CRC 
pavements  in  Indiana. 

The  Paper  was  presented  at  the  recent  Annual  Meeting 
of  American  Concrete  Institute  in  San  Francisco.   It  is 
planned  for  publication  in  the  Proceedings  of  that  meeting. 
In  conformance  with  policy  this  Paper  is  presented  to  the 
Board  for  approval  of  such  publication. 

Respectfully  submitted, 

Harold  L.  Michael 
Associate  Director 

HLM:ms 


cc:   W.  L.  Dolch 

R.  L.  Eskew 

G.  D.  Gibson 

W.  H.  Goetz 

M.  J.  Gutzwiller 

G.  K.  Hallock 


M.  L.  Hayes 

C.  W.  Lovell 

G.  W.  Marks 

R.  P.  Marsh 

R.  D.  Miles 

G.  T.  Satterly 


C.  F.  Scholer 

M.  B,  Scott 

J.  A.  Spooner 

H.  R.  J.  Walsh 

E.  J.  Yoder 

S.  R.  Yoder 


EVALUATION  OF  PARAMETERS  SIGNIFICANTLY  INFLUENCING  THE 
PERFORMANCE  OF  CONTINUOUSLY  REINFORCED  CONCRETE  PAVEMENTS 


SYNOPSIS 

This  paper  reports  a  portion  of  findings  obtained  from  a 
continuing  study  of  CRC  pavements  in  Indiana.   Results  of  an 
earlier  statewide  condition  survey  showed  that  subbase  type, 
methodsof  fabrication  and  placement  of  steel  reinforcement, 
concrete  slump  and  traffic  were  significant  contributors  to 
CRC  pavement  performance.   It  was  indicated  that  method  of 
paving  (slipformed  vs  side-formed)  had  little  effect  on  pave- 
ment performance,  while  depressed  steel  resulted  in  better 
pavement  condition  than  steel  pre-set  on  chairs.   Based  on 
these  results,  a  field  investigation  of  CRC  pavements  was 
conducted.   The  purpose  of  this  study  was  to  evaluate,  by 
means  of  physical  tests,  parameters  that  were  found  to  con- 
tribute significantly  to  CROP  performance  in  the  condition 
survey. 

The  results  reported  in  this  paper  were  obtained  from  a 
comparative  statistical  analysis  of  properties  of  failed 
locations  with  good  locations  within  test  sections  showing 
poor  performance.   The  analysis  was  based  on  data  obtained 
from  15  CROP  test  sections  showing  significant  distress  as 
indicated  by  a  breakup  or  a  patch.   Test  locations  in  good 
condition  had  subbases  with  higher  stability  as  evaluated  by 
a  static  penetrometer  test.   Pavement  failures  were  observed 


to  be  correlated  with  relatively  low  bulk  density  and  modulus 
of  elasticity  of  concrete.   No  significant  difference  In 
splitting  tensile  strength  of  concrete  was  Indicated  between 
good  and  failed  locations.   Relative  to  uniformity  of  concrete 
properties  above  and  below  the  steel  reinforcement,  no 
signficant  difference  was  shown  In  the  analysis.   Higher 
pavement  deflections,  wider  crack  widths  and  non-uniform  crack 
patterns  were  associated  with  failed  pavement  condition. 
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EVALUATION  OF  PARAMETERS  SIGNIFICANTLY  INFLUENCING  THE 
PERFORMANCE  OF  CONTINUOUSLY  REINFORCED  CONCRETE  PAVEMENTS 

INTRODUCTION 

The  use  of  continuously  reinforced  concrete  pavement 
(CRCP)  dates  back  to  1938,  when  an  experimental  CRC  pavement 
was  built  on  US-40  near  Stilesville,  Indiana.   In  recent  years, 
the  use  of  this  type  of  pavement  construction  has  increased 
considerably.   By  the  end  of  1971,  696  miles  (1114  km)  of 
equivalent  two-lane  CRC  pavement  had  been  constructed  in 
Indiana.   Most  of  the  CRC  pavements  in  Indiana  are  nine  inches 
(23  cm)  thick  (primarily  on  the  Interstate  System),  although 
some  have  been  constructed  seven  (18  cm)  and  eight  inches 
(20  cm)  in  thickness.   The  percentage  of  steel  used  has  been 
0.6  percent  of  the  cross-sectional  area,  irrespective  of  the 
other  design  factors.   Generally  non-stabilized  granular 
subbases  have  been  used  under  the  pavement,  although  in  recent 
years  the  trend  has  been  towards  the  use  of  bituminous 
stabi 1 ized  subbases . 

In  1972,  a  continuing  study  of  the  performance  of  CRC 
pavements  was  initiated  by  the  Joint  Highway  Research  Project 
at  Purdue  University.   The  objective  of  this  study  is  to 
evaluate  and  recommend  design  and  construction  techniques  that 
would  result  in  better  performance  of  continuously  reinforced 
concrete  pavements. 

The  first  phase  of  the  study  involved  a  condition  survey 
of  CRC  pavements.   The  initial  activity  consisted  of  a  survey 
of  Interstate  Highway  1-65  to  determine  the  causes  of  distress 
that  had  been  noted  on  certain  portions  of  this  road.   This 


survey  indicated  some  trends  relating  to  the  performance  of 
CRC  pavements.   In  order  to  obtain  more  conclusive  results, 
it  was  considered  necessary  to  evaluate  a  wider  range  of 
design  and  construction  factors.   Consequently  a  statewide 
condition  survey  of  CRC  pavements  in  Indiana  was  made  to  study 
the  factors  influencing  CRCP  performance. 

The  condition  survey  (5),  was  statistically  designed  to  in^ 
elude  factors  considered  to  be  possible  contributors  to  the 
performance  of  CRC  pavement.   The  resulting  data  were  analyzed 
by  means  of  a  weighted  least  squares  analysis  of  variance 
procedure.   The  unit  of  evaluation  was  a  5000  ft  (1524  m) 
length  of  pavement.   The  measures  of  evaluation  were  number 
of  failures,  number  of  spalled  cracks,  the  extent  of  random 
cracking,  parallel  cracks  with  a  crack  interval  of  less  than 
30  in.  (76  cm)  and  the  extent  of  pavement  pumping  observed 
per  5000  ft.  (1524  m)  length  of  pavement. 

The  results  of  the  statistical  analysis  indicated  that 
subbase  type,  the  methods  of  steel  placement  and  steel 
fabrication,  concrete  slump  and  traffic  significantly  influence 
CRC  pavement  performance.   Gravel  subbases  showed  poorer 
performance  than  crushed  stone  and  bituminous  stabilized 
subbases.   Better  performance  was  indicated  where  deformed 
wire  fabric  or  loose  bars  were  used  as  compared  with  the  use 
of  tied  bar  mats.   Depressed  steel  resulted  In  better  pavement 
condition  than  the  use  of  steel  preset  on  chairs.   The  data 
showed  little  difference  between  the  condition  of  pavements 
that  were  slipformed  as  compared  to  those  which  were  side- 
formed.   Relative  to  good  performance,  an  optimum  range  of 


concrete  slump  between  2.0  to  2.5  in.  (5.0  to  6.5  cm)  was  in- 
dicated.  It  was  further  shown  that  distress  of  CRC  pavements 
was  related  to  traffic.   Most  of  the  pumping  was  observed  on 
pavements  with  gravel  subbases  though  some  pumping  was  also 
indicated  where  bituminous  stabilized  and  crushed  stone 
subbases  were  used. 

The  second  phase  of  the  study  consisted  of  a  field  in- 
vestigation of  CRC  pavements  in  Indiana.   The  purpose  of  this 
investigation  was  to  evaluate,  by  means  of  physical  tests, 
the  parameters  that  were  found  to  contribute  significantly 
to  CRCP  performance  in  the  statewide  condition  survey.   A 
further  objective  was  to  determine  the  causes  of  distress  in 
this  type  of  pavement.   The  field  investigation,  designed  on 
the  basis  of  the  results  of  the  statewide  condition  survey, 
was  completed  in  the  summer  of  1973.   This  phase  of  the  study 
was  confined  to  the  Interstate  System  In  Indiana  and  included 
only  9  in.  (23  cm)  thick  pavements. 

The  third  phase  of  the  study,  currently  1n  progress, 
consists  of  a  laboratory  testing  program.   This  involves 
standard  laboratory  tests  on  samples  of  all  pavement 
components  obtained  in  the  second  phase  of  the  work. 

The  design  of  the  field  investigation  and  the  laboratory 
testing  program  necessitated  that  the  data  analysis  be  done 
in  two  parts.   This  paper  reports  the  first  part  of  the  data 
analysis.   In  addition,  the  design  of  the  field  study,  the 
test  procedures  used  in  the  field  investigation  and  the 
laboratory  testing  programs  are  described.   Some  of  the 
results,  relating  to  the  effect  of  in-place  concrete 
properties  on  CRC  pavement  distress,  are  presented. 


DESIGN  OF  FIELD  STUDY 

The  field  investigation  was  designed  to  include  only 
the  CRC  pavements  that  are  part  of  the  Interstate  Highway 
System  in  Indiana.   As  a  result  only  9  in.  (23  cm)  thick 
pavements  were  evaluated.   The  test  sections  were  located  on 
Interstate  highways  1-65,  1-69,  1-70,  1-90  and  1-465. 

The  design  of  the  field  investigation  was  formulated  on 
the  results  of  the  1972  statewide  condition  survey.   The 
factors  that  were  found  to  be  statistically  significant  in 
the  condition  survey  were  used,  as  the  stratification 
criterion   for  sampling  the  test  sections  for  the  field  study, 
The  stratification  scheme  consisted  of  the  following  factors 

1)  Method  of  paving  (slip-formed;  side-formed) 

2)  Method  of  steel  placement  (depressed  steel;  steel 
pre-set  on  chairs) 

3)  Type  of  steel  reinforcement  (wire  fabric;  bar  mats; 
loose  bars) 

4)  Type  of  subbase  (gravel;  slag;  crushed  stone; 
bituminous  stabilized) 

A  total  of  31  CRCP  test  sections  were  Included  in  the  field 
investigation. 


Delineation  of  Test  Sections 

The  test  sections  used  in  the  field  investigation  were 
delineated  according  to  the  following  criteria: 

1.   The  test  section,  1000  ft  (305  m)  in  length,  was  a 
tangent  section  under  uniform  grade  conditions,  i.e., 
completely  under  fill,  cut  or  at  grade  conditions. 


2.  It  was  required  that  the  test  section  lie  within 
the  internal  portion  of  the  continuous  slab,  sub- 
stantially removed  from  construction  or  expansion 
joints. 

3.  The  test  section  was  located  wholly  within  one 
physiographic  unit,  e.g.,  ground  moraine,  glacial 
terrace,  flood  plain,  etc. 

4.  Wherever  possible,  a  test  section  was  located  to 
Include  at  least  one  location  where  significant 
distress  as  indicated  by  a  breakup  or  a  patch  was 
observed. 

5.  The  structural  components  of  the  pavement  section 
were  required  to  conform  to  a  combination  of  levels 
of  factors  comprising  the  stratification  scheme. 

6.  The  100  ft  (305  m)  test  section  was  located  within 
the  randomly  selected  5000  ft  (1524  m)  survey 
section  used  in  the  statewide  conditions  survey. 

Only  15  sections  were  obtained  that  had  at  least  one 
location  where  a  breakup  or  a  patch  was  observed.   An 
additional  section  had  one  location  with  heavily  spalled 
cracks  indicative  of  an  incipient  failure  condition.   The 
rest  of  the  sections  showed  no  apparent  Indication  of  distress. 
In  a  few  instances  the  1000  ft  (305  m)  test  sections  could  not 
be  located  within  the  5000  ft  (1524  m)  randomly  selected  survey 
sections  used  in  the  statewide  condition  survey,  because  some 
elements  of  the  controlling  criteria  could  not  be  satisfied. 
In  such  cases,  a  new  randomly  sampled  1000  ft  (305  m)  test 
section  was  used. 


Collection  of  Field  Data 

Figure  1  shows  the  layout  of  a  typical  test  section.   The 
data  collected  at  a  test  section  is  also  indicated.   The  first 
step  in  the  data  collection  procedure  was  to  divide  the  test 
section  into  10  segments  of  100  ft  (30  m)  length  each.   Within 
each  test  section,  two  test  locations  were  selected.   These 
test  locations  corresponded  to  failed  and  good  pavement 
conditions  respectively.   A  failed  test  location  was  defined 
as  one  showing  distress  as  indicated  by  a  breakup  or  a  patch 
while  a  good  test  location  was  defined  as  one  showing  no 
apparent  distress.   In  test  sections  showing  no  indication  of 
a  failed  condition,  also  two  test  locations  were  used,  one 
corresponding  to  an  area  with  a  normal  and  uniform  crack 
pattern  while  the  other  to  an  area  with  an  irregular  and 
intersecting  crack  pattern.   These  crack  patterns  were  evaluated 
subjectively  by  visual  examination.   In  certain  sections  with- 
out any  failures,  only  one  test  location  was  used  because  of 
limitation  of  time. 

At  a  test  location  tests  were  conducted  at  two  points. 
One  test  point,  located  at  the  pavement-shoulder  interface, 
was  designated  as  the  shoul der  position.   The  other  test  point 
was  the  hole  through  the  pavement  from  which  a  concrete  core 
had  been  extracted.   This  was  designated  as  the  core-hol e 
posi  tion. 

Since  all  tests  at  a  test  section  had  to  be  completed 
before  proceeding  to  another  test  section  a  restriction  on 
randomization  was  introduced.   However,  the  order  of  conducting 
tests  at  various  test  locations  and  test  points  within  a  test 


section  was  randomized. 

A  series  of  tests  performed  at  a  test  section  consisted 

of  the  following  tests  and  measurements: 

1.   Deflection  Measurements:   These  measurements  were 
made  by  means  of  a  Dynaflect  (6  ).   At  the  center  of 
each  100  ft  (30  m)  segment  two  deflection  measurements 
were  taken;  one  at  a  crack  position,  while  the  other 
at  the  mid-span  position  between  two  transverse 
cracks.   These  measurements  were  taken  along  the 
center  line  of  the  traffic  lane. 
A  second  series  of  deflection  measurements  were 
made  at  the  test  locations.   These  measurements  were 
taken  across  the  traffic  lane  at  1.0  ft  (0.30  m), 
3.5  ft  (1.07  m)  and  6.0  ft  (1.83  m)  from  the  outside 
pavement  edge,  approximately  corresponding  to  the 
outside  edge,  right  wheel  path  and  lane  center  line 
positions  respectively.   These  transverse  deflections 
were  determined  at  both  a  crack  position  and  an 
adjacent  mid-span  position  between  two  transverse 
cracks. 

Some  additional  deflection  measurements  were  made  at 
close  intervals  (about  2.0  ft  or  0.61  m)  at  a  failed 
location  along  the  center  line  of  the  traffic  lane 
in  order  to  delineate  the  extent  of  the  failure. 
Hence,  at  a  given  test  section,  a  minimum  of  20 
Dynaflect  readings  in  the  longitudinal  direction  and 
12  Dynaflect  readings  in  the  transverse  direction 
were  recorded. 
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2.  Crack  Width  Measurements:   Crack  widhts  were  measured 
by  means  of  a  SOX,  direct  measuring  pocket  microscope. 
The  points  where  crack  width  measuremnts  were  made 
corresponded  to  the  positions  along  a  crack  where 
deflections  were  evaluated.   This  resulted  in  three 
crack  width  measurements  at  each  test  location  or  a 
total  of  six  crack  width  measurements  at  each  test 
secti  on. 

3.  Crack  Interval  Measurements:   Segments  50  ft  (15  m) 
in  length  were  staked  out  on  either  side  of  a  test 
location.   Then  crack  spacing  was  evaluated  along 
the  pavement  edge  over  a  100  ft  (30  m)  section 
centered  on  a  test  location.   That  is,  crack  intervals 
were  measured  over  a  100  ft  (30  m)  length  of  pavement 
at  each  test  location  within  a  test  section.   In 
addition,  crack  intersection  points  were  counted 

over  the  100  ft  section  at  each  test  location. 

4.  Subgrade  and  Subbase  Evaluation:   In-place  CBR  tests 
on  subbase  and  subgrade  were  made  by  means  of  the 
High  Load  Penetrometer  (4)  and  the  Dynamic 

Cone  Penetrometer  (7  ),  respectively.   These  tests 
were  performed  at  both  core-hole  and  shoulder 
positions  at  each  of  the  two  test  locations.   The 
tests  at  the  pavement-shoulder  interface  were 
replicated  three  times  while  the  tests  through  the 
core-hole  were  done  only  once.   In  all  eight 
penetrometer  tests,  four  each  on  subbase  and  subgrade 
were  performed  at  each  test  location  or  16  penetrometer 

tests  were  performed  on  each  test  section. 


In-place  nuclear  density  and  water  content 
determinations  were  made  on  the  subbase  and  sub- 
grade.   As  a  check,  standard  water  content  tests 
were  also  made  on  subbase  and  subgrade  materials. 
In  addition,  subgrade  density  was  measured  by  means 
of  a  thin-walled  tube  sampler  to  serve  as  a  check 
on  nuclear  density  readings.   These  tests  were  made 
at  the  shoulder  position. 

At  the  completion  of  a  series  of  tests  on  the  sub- 
base  and  subgrade,  material  was  sampled  from  under 
the  pavement  at  the  pavement-shoulder  interface  for 
laboratory  testing. 
5.   Concrete  Cores:   Concrete  cores  were  obtained  from 
the  two  test  locations  within  each  test  section. 
These  cores  were  taken  from  the  traffic  lane,  close 
to  the  point  from  where  the  subgrade  and  subbase 
material  were  sampled. 
A  description  of  equipment  used  in  performing  some  of  the 
field  tests  is  given  in  Appendix  1. 


LABORATORY  TESTING  PROGRAM 
The  laboratory  testing  program  was  planned  in  two  parts: 
1.   Tests  on  Concrete  Cores:   Concrete  cores  obtained 
from  the  field  were  subjected  to  the  following  tests 

a)  Specific  gravity  and  absorption  tests 

b)  Pulse  velocity  measurements 

c)  Bulk  density  measurements 

Next  the  cores  were  cut  and  segments  from  top  and 
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bottom  of  the  cores  (without  any  steel)  were  tested 
for  specific  gravity,  water  absorbtion,  pulse 
velocity,  bulk  density  and  splitting  tensile  strength 
Tests  on  Subbase  and  Subgrade  Materials:   The  series 
of  tests  on  subgrade  soils  and  granular  subbase 
materials  include  standard  classification  tests, 
compaction  tests  and  some  permeability  tests  (only 
on  subbase  aggregate  mixtures).   The  stability 
characteristics  and  properties  of  bituminous 
stabilized  subbase  material  would  be  evaluated  by 
suitable  laboratory  tests. 

The  laboratory  tests  were  performed  according  to 
ASTM  Standards  (1,2)  where  applicable.   The  concrete 
cores,  subbase  and  subgrade  materials  were  tested 
in  a  random  order. 


ANALYSIS  AND  RESULTS 
The  characteristics  of  the  design  of  the  field  study 
suggested  the  following  approach  to  data  analysis: 

1.  Comparison  of  properties  of  failed  test  locations 
with  good  test  locations  within  test  sections, 
showing  significant  distress. 

2.  Comparisons  of  test  sections  showing  distress,  as 
indicated  by  a  breakup  or  a  patch,  with  test  sections 
in  good  condition  and  showing  no  apparent  distress. 

This  paper  reports  the  findings  obtained  from  the  first 
part  of  the  data  analysis,  that  is,  a  comparison  of  structural 
characteristics  of  failed  locations  with  good  locations,  within 
test  sections  showing  significant  distress. 


n 

The  statistical  analysis  was  conducted  within  the  frame- 
work of  a  fixed-effect  randomized  complete  block  design  (3  ). 
The  main  reason  for  using  a  randomized  complete  block  design 
(RCBD)  was  to  remove  a  source  of  variation,  due  to  the  effect 
of  blocks,  from  the  error  term.    The  test  sections  of  the 
field  study  design  correspond  to  the  blocks  of  the  RCBD.   The 
use  of  blocks,  or  test  sections  in  the  field  study,  imposed 
a  restriction  on  randomization.   As  a  result  of  this  restriction 
the  effect  of  test  sections  on  various  evaluated  variables 
could  not  be  tested  for  significance: 

The  dependent  variables  evaluated  in  this  analysis  are: 

1.  Subgrade  CBR 

2.  Subbase  CBR 

3.  Concrete  properties  -  bulk  unit  weight,  dynamic 
modulus  of  elasticity  and  splitting  tensile  strength 

4.  Dynamic  pavement  deflection 

5.  Crack  width 

6.  Crack  spacing 

7.  Crack  intersections 


Subgrade  and  Subbase  CBR 

Estimates  of  subgrade  and  subbase  in-place  California 
Bearing  Ratio  (CBR)  values  were  obtained  from  the  cone 
penetrometer  test  data.   Subgrade  CBR  values  apply  to  the  top 
4  in.  (10  cm)  of  the  subgrade  layer.   Subbase  CBR  data  pertain 
to  granular  subbases.   Hence,  the  results  of  this  analysis  are 
valid  only  for  gravel,  slag  and  crushed  stone  subbases. 
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The  following  analysis  of  variance  model  was  used  to 
analyze  the  subbase  and  subgrade  CBR  data: 


Yijk  =  V  ^  S.  .  «(^j  .  C.  .  SC..  .  P^  .  SP^,  . 


^"jk^  ^(ijk) 


(1) 


i  =  1.  2. 
J  =  1,  2 
k  =  1  ,  2 
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where 


^ijk 


s. 


'(i) 


^J 


SC 


u 


SP 


Ik 


=  Estimated  in-place  CBR  obtained  at  the  k 

test  point  in  j^^  condition  in  the  i^^  test 

section    (percent). 
=  Overall  mean  effect. 
=  Effect  of  the  i*^  test  section. 
=  Restriction  Error,  random;  NID  (0,o  ) 

Completely  confounded  with  the  effect  of  the 

i    test  section,  caused  by  running  all  tests 

at  the  i    test  section  before  proceeding  to 

the  next  test  section. 
=  Effect  of  the  j    pavement  condition  (good 

location  compared  with  failed  location). 
=  Interaction  Effect  of  the  i    test  section 

with  the  j    pavement  condition. 
=  Effect  of  the  k   test  point  (shoulder  vs. 

core-hole) . 
»  Interaction  effect  of  the  i    test  section 

with  the  k^^  test  point. 
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^^•k 


(ijk) 


=  Interaction  effect  of  the  j    pavement 

t"  h 

condition  with  the  k   test  point. 

2 
=  Error,  NID  (0,a  ),   This  term  is  estimated 

in  the  analysis  of  variance,  from  the  inter- 
action source  assuming  the  interaction  of 

t*  h  ^  h 

the  i   test  section,  the  j   condition  and 
the  k   test  point  is  zero. 


The  results  of  the  analysis  of  variance  of  subgrade  and 
subbase  CBR  data  are  summarized  in  Tables  1  and  2,  respectively. 
These  results  indicate: 

1.  There  was  a  significant  difference  in  subbase  CBR 
between  good  and  failed  locations  within  a  test 
section,  while  the  difference  in  subgrade  CBR  values 
at  these  locations  was  not  significant. 

2.  Subbase  CBR  values  were  significantly  influenced  by 
the  position  at  which  the  test  was  performed.   Tests 
performed  at  the  core-hole  gave  higher  CBR  values 
than  tests  performed  at  the  shoulder. 

3.  Relative  to  both  subgrade  and  subbase  CBR,  the  inter- 
action effect  between  the  characteristics  of  the 

test  section  and  the  pavement  condition  was  significant 

4.  The  subbase  CBR  is  significantly  affected  by  the 
Interaction  between  pavement  condition  and  the 
position  at  which  the  test  was  performed. 

The  variation  of  subgrade  and  subbase  CBR  under  various 
combinations  of  pavement  condition  and  test  points  is  shown  in 
Table  3.   The  average  values  of  subgrade  and  subbase  CBR 
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tabulated  in  Table  3  were  obtained  from  14  test  sections 
showing  significant  distress.   As  expected,  subbase  CBR  values 
obtained  at  good  locations  were  higher  than  the  values  tested 
at  failed  locations.   The  higher  subbase  CBR  values  obtained 
at  core-hole  points  may  be  attributed  to  the  confining  effect 
of  the  pavement  slab.   In  general,  subbase  CBR  values  were 
low  pointing  to  the  possible  instability  of  this  pavement 
layer  in  the  pavement  structure.   In  contrast,  subgrade  CBR 
values  were  about  the  same  irrespective  of  pavement  condition 
or  location  of  test  points. 

Concrete  Properties 

The  concrete  properties  evaluated  in  this  analysis  are 
bulk  unit  weight,  dynamic  modulus  of  elasticity  and  splitting 
tensile  strength. 

Bulk  unit  weight  was  calculated  as  follows: 

Bulk  Unit  Weight  =  !I'!?JL°^''';p!'  '*  ""^^'"^ 

"'oisture  content 

Bulk  volume  of  sample  (2) 


Dynamic  modulus  of  elasticity,  E  ',  was  estimated  from 


pulse  velocity  determinations  by  the  following  relationship 


E^'  =  (Pulse  Velocity)   x  Density 


(3) 


This  estimated  value  deviates  from  the  exact  definitions 
of  dynamic  modulus  of  elasticity,  E  ,  which  is  given  by: 


E   =  (Pulse  Velocity)^  x  Density  x  ^^^^^^^'^^^^ 


(4) 


where 


y  =  Poisson's  ratio  of  concrete. 
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In  this  study,  Poisson's  ratio  of  concrete  was  not  determined, 

Concrete  test  data  were  analyzed  by  using  the  following 
analysis  of  variance  model: 

^•jk  =  ^  -^  S.  +6(^)  .  C.  +  SC..  +  T^  *  ST^,  + 


^^jk  "    '(ijk) 


(5) 


where 


i  =  1,  2 
J  =  1  ,  2 
k  =  1  ,  2 


.  15 


^ijk 


^• 


6(i) 

T, 


=  Concrete  test  value  (bulk  unit  weight  in 

3 
lb/ft  ;  dynamic  modulus  of  elasticity  in 

psi;  splitting  tensile  strength  in  psi.) 

obtained  from  testing  the  k^^  segment  of 

concrete  core  taken  from  a  test  location  in 

j    condition  within  the  i    test  section. 

=  Overall  mean  effect. 

=  Effect  of  the  i*^  test  section. 

=  Restriction  error,  random;  NID  (0,o  ). 

=  Effect  of  the  j    pavement  condition. 

=  Effect  of  the  k   segment  of  concrete  core. 

2 


^(ijk)  "  Error,  NID  (O.a^). 

The  other  terms  denote  the  two-factor  interactions  between  the 

factors  S.,  C.  and  T k.   The  pavement  condition  factor,  C .  , 
I   J      K  J 

implies  a  comparison  of  a  good  location  with  a  failed  location 
Factor  J^    refers  to  a  comparison  of  the  properties  of  the 
concrete  core  segment  above  the  steel  reinforcement  with  the 
segment  below  the  steel. 
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Tables  4,  5  and  6  summarize  the  results  of  analysis  of 
variance  (ANOVA)  of  bulk  unit  weight,  dynamic  modulus  of 
elasticity  and  splitting  tensile  strength  data,  respectively. 
An  examination  of  these  ANOVA  results  shows  that: 

1.  A  significant  difference  in  bulk  unit  weight  and 
dynamic  modulus  of  elasticity  of  concrete  was 
indicated  between  good  and  failed  locations  within 

a  test  section.   The  difference  in  splitting  tensile 
strength  at  these  locations  was  not  significant. 

2.  No  significant  difference  in  bulk  unit  weight, 
modulus  of  elasticity  or  splitting  tensile  strength 
of  concrete  was  detected  between  core  segments  above 
and  below  the  steel  reinforcement.   In  other  words, 
properties  of  pavement  concrete  above  and  below  the 
steel  reinforcement  were  relatively  uniform. 

3.  As  in  the  case  of  subbase  and  subgrade  strength 
characteristics,  the  interaction  effect  between  the 
characteristics  of  the  test  sections  (blocking 
effect)  and  the  pavement  condition  was  significant 
with  respect  to  bulk  density  and  modulus  of  elasticity 
of  concrete. 

These  results  were  obtained  from  the  analysis  of  concrete 
cores  obtained  from  15  test  sections  showing  significant 
distress  as  evidenced  by  a  breakup  or  a  patch.   Average  values 
of  bulk  unit  weight,  dynamic  modulus  of  elasticity  and  splitting 
tensile  strength  corresponding  to  failed  and  good  pavement 
conditions  are  shown  in  Table  7.   The  difference  in  average 
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bulk  unit  weight  of  concrete  shown  in  Table  7  does  not  show 
practical  significance.   However  the  statistical  significance 
indicated  in  the  analysis  establishes  that  bulk  unit  weight 
of  concrete  at  good  locations  was  relatively  higher  than  at 
failed  locations. 

From  results  presented  in  Tables  4,  5  and  7  it  may  be 
concluded  that  pavement  failures,  at  sections  showing  distress, 
were  associated  with  concrete  having  a  relatively  low  bulk 
density  and  modulus  of  elasticity. 

Table  8  shows  the  difference  in  concrete  characteristics 
of  core  segments  from  above  and  below  the  steel  reinforcement. 
These  data  indicate  that  there  was  no  significant  difference 
in  the  uniformity  of  concrete  above  and  below  the  steel  re- 
inforcement relative  to  bulk  density,  tensile  strength  and 
modulus  of  elasticity. 


Dynamic  Pavement  Deflections 

Pavement  deflections  were  measured,  in  mils  (0.001  in.) 
by  means  of  a  Dynaflect,  at  specified  Intervals  across  the 
outside  lane  (traffic  lane)  at  two  test  locations  within  a 
test  section.   The  two  test  locations  corresponded  to  failed 
and  good  conditions  respectively.   Only  12  out  of  the  15  test 
sections  were  used  in  the  evaluation  of  pavement  deflection 
characteristics,  because  of  lack  of  complete  data  for  two 
sections  and  exceedingly  high  deflections  for  the  remaining 
sections,  which  had  a  bituminous  stabilized  subbase. 
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The  following  analysis  of  variance  model  was  used  for 
the  analysis  of  deflection  data: 

i  =  1  ,  2  12 

J  =  1,  2 

k  =  1 ,  2,  3 

il  =  1  ,  2 


where 


Y...  J  ~  Deflection  measurement  in  milli-inches  made 
at  the  i^^  test  position  and  the  k^*^  trans- 
verse position  on  the  outside  lane,  at  a 

XL.  4*  U 

test  location  in  j   condition  within  the  i 

test  section, 
y       =  Overall  mean  effect. 
S.  =  Effect  of  the  i^^  test  section. 

6/.V    =  Restriction  error,  random;  NID  (0,6  ). 
C      =  Effect  of  the  j   pavement  condition  (good 

J 

vs  failed) 
L.      =  Effect  of  the  k   transverse  position. 
Mj^      =  Effect  of  the  i^^   test  position  (crack 

position  vs  mid-span  position), 
^(ijkn)  "  Error,  NID  (O.fi^), 
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The  other  terms  denote  the  interaction  effects  among 
the  factors  S . ,  C,,  L,  and  M..   The  factor  L.  refers  to 
transverse  deflection  measurements,  made  across  the  outside 
lane  at  1.0  ft  (0.30  m),  3.5  ft  (1.01  m)  and  6.0  ft  (1.83  m) 
from  the  outside  pavement  edge.   Essentially,  this  factor 
evaluates  the  variation  of  pavement  deflection  with  distance 
from  the  pavement  edge.   The  factor  M  compares  deflections 
obtained  at  a  crack  position  with  those  measured  at  an  adjacent 
mid-span  position  between  two  transverse  cracks. 

Table  9  gives  a  summary  of  the  results  of  anlaysis  of 
variance  performed  on  deflection  data.   From  these  results, 
it  may  be  concluded  that: 

1.  There  was  a  significant  difference  in  pavement 
deflection  between  good  and  failed  locations  within 
a  test  section. 

2.  The  difference  in  pavement  deflection  at  various 
points  across  the  outside  (traffic)  lane  was 
significant. 

3.  There  was  no  significant  difference  between  deflections 
at  crack  positions  as  compared  with  deflections  at 
mid-span  positions. 

4.  The  interaction  between  the  test  section  characteristics 
and  condition   of  test  locations  (good  vs  failed)  had 

a  significant  effect  on  pavement  deflection. 

5.  The  following  interaction  effects  also  showed         ^ 
significant  in  the  analysis  of  pavement  deflections: 
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a)  interaction  between  test  section  characteristics 
and  test  positions  (crack  vs  mid-span). 

b)  interaction  between  the  pavement  condition   (good 
vs  failed),  and  distance  from  the  outside  edge 

of  the  pavement  (transverse  position  factor). 

c)  three-factor  interaction  among  test  section 
characteristics,  pavement  condition  and  test 
posi  tions . 

Figure  2  and  Table  10  further  explain  some  of  the  results  of 
the  analysis  of  variance.   It  would  be  noted  in  Table  10  that: 

1.  Average  pavement  deflection  at  good  locations  was 
about  58  percent  of  average  deflection  at  failed 
locations . 

2.  Deflections  decreased  in  magnitude  with  increasing 
distance  from  the  outside  pavement  edge.   On  the 
average,  deflection  at  the  lane  center  line  was  68 
percent  of  that  at  1.0  ft  (0.3  m)  from  the  outside 
edge. 

3.  Average  deflection  (0.87  milli-inches)  at  crack 
positions  was  not  significantly  different  from  the 
average  deflection  (0.93  milli-inches)  at  mid-span 
positions  between  transverse  cracks.   This  could  be 
attributed  to  the  time  of  the  year  (June),  when  the 
study  was  conducted.   Because  of  higher  temperatures, 
the  cracks  are  held  close  together,  assuring  greater 
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granular  interlock  and  good  load  transfer.   Figure 
2  graphically  illustrates  some  of  the  trends  indicated 
by  the  results  of  the  analysis  of  variance.   From 
the  standpoint  of  pavement  condition,  deflections 
close  to  the  pavement  edge  were  more  critical  than 
deflections  at  the  interior  of  the  traffic  lane.   The 
relative  difference,  in  average  pavement  deflection* 
between  good  and  failed  locations  was  greater  near 
the  pavement  edge  than  at  more  interior  locations. 

Crack  Width 

Measurements  of  crack  width  were  made  by  means  of  a 
direct  measuring  pocket  microscope  with  a  SOX  magnification. 
The  microscope  reticle  was  calibrated  in  increments  of  0.001 
in.   A  total  of  16  test  sections  were  included  in  this  analysis. 
The  additional  test  section  was  the  one,  having  a  test  location 
showing  heavily  spalled  cracks  (incipient  failure  condition). 

The  ANOVA  model  used  for  the  analysis  of  crack  width 
measurements  is  as  follows: 


Y.. 


ijk  =  ^  ^  S^  +6(.j  +  C.  *   SC^j  +  L,  +  SL^^  + 


^■■jk  *  ^(ijk) 


(7) 


where 


i  =  1  ,  2  16 

J  =  1,  2 
k  =  1  ,  2,  3 


ijk 


Crack  width  measurement  in  inch  units  made 
at  the  k   transverse  position  on  the  outside 
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.th 


(ijk) 


lane,  at  a  test  location  in  j    condition 
within  the  i    test  section. 
=  Error,  NID  (0,a^). 


All  other  terms  are  as  defined  in  Equation  6. 
The  results  of  the  ANOVA  are  shown  in  Table  11  from 
which  it  may  be  concluded  that: 

1.  A  significant  difference  in  crack  width  was  indicated 
between  good  and  failed  locations  within  test 
sections . 

2.  The  variation  of  crack  width  across  the  outside  lane, 
between  the  outside  edge  and  the  lane  center  line, 
was  not  significant. 

3.  The  interaction  between  the  characteristics  of  test 
sections  and  pavement  condition  had  a  significant 
influence  on  crack  width. 

Further  analysis  of  data  showed  that  the  mean  crack  width 
at  good  locations  was  0.013  in.  (0.33  mm)  while  at  failed 
locations,  the  mean  crack  width  was  .032  in  (0.81  mm).   Some 
of  the  other  relationships  resulting  from  the  analysis  of 
variance  are  shown  in  Figure  3.   The  plotted  data  are  average 
crack  widths  obtained  at  16  test  sections.   It  is  indicated 
that  crack  widths  at  failed  locations  were  consistently 
greater  than  crack  widths  at  good  locations  irrespective  of 
the  transverse  position  across  the  outside  lane. 


Crack  Spacing 

Crack  spacing  was  measured  along  the  pavement  edge  over 
a  distance  of  100  ft  (30  m)  at  each  test  location  within  a 
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test  section.   The  measures  of  crack  spacing  used  in  the 
analysis  are: 

1.  Mean  crack  interval,  x   (ft) 

2.  Standard  deviation  of  crack  interval,  S   (ft) 

3.  Coefficient  of  variance  of  crack  interval,  fV   (percent) 


where,  H/   =  S 

^   —  X   100 


(8) 


These  variables  were  analyzed  by  ANOVA  procedures  by  means  of 
the  f ol lowing  model : 


Y..  =  y  +  S.  +6/,v  +  C.  +  e/,.N 
iJ        1     (i)     J     (ij) 


(9) 


where 


i  =  1,  2 
J  =  1,  2 
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(ij) 


=  A  measure  of  crack  spacing,  e.g.,  x  ,  S  , 

^  h 

CV^  obtained  at  a  test  location  in  j   condition 
c 

within  i    test  section. 
=  Error,  NID  (0,  ^). 
and  other  terms  are  as  defined  in  Equation  1. 

For  sake  of  brevity,  ANOVA  results  are  not  reproduced 
here.   However,  these  results  indicated  that: 

1.  There  was  no  significant  difference  in  mean  crack 

interval,  i   between  good  and  failed  locations  within 
c 

a  test  section. 

2.  The  difference  in  standard  deviation,  S   and  coefficient 
of  variance,  CV   of  crack  interval,  between  good 

and  failed  locations  was  significant. 
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Table  12  shows  the  relationship  between  pavement  condition 
and  certain  statistical  measures  of  crack  spacing.   It  would 
be  observed  that  mean  crack  interval  was  not  a  reliable 
indicator  of  pavement  condition.   A  measure  of  uniformity  of 
crack  spacing  would  be  more  appropriate  from  the  viewpoint  of 
ascertaining  pavement  conditions.   The  results  shown  in  Table 
12  indicate  that  pavement  sections  in  good  condition  had  a 
more  uniform  or  less  dispersed  crack  spacing  than  failed 
sections,  the  measure  of  uniformity  of  crack  spacing  being 
either  the  standard  deviation  or  the  coefficient  of  variance 
of  crack  spacing. 


Crack  Intersections 

It  was  observed  in  previous  condition  surveys  that  good 
pavement  condition  was  associated  with  cracks  that  had  a 
parallel  transverse  trend  with  relatively  few  or  no  inter- 
sections.  Consequently  in  the  field  study,  this  aspect  was 
investigated  in  more  detail.   At  each  test  location  in  a 
test  section  the  number  of  crack  intersections  observed  per 
100  ft  (30  m)  length  of  pavement  were  counted. 

The  ANOVA  model  used  for  analyzing  crack  Intersections 
data  was  obtained  as: 


Y^.  =  y  .  S^  +  fi(i)  *  C.  +  e(^j.) 


(10) 


1  =  1  ,  2  15 

J  =  1.  2 


where  , 
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Y..    =  Number  of  crack  intersections/100  ft  length 
of  pavement  observed  at  the  test  location 
in  j^*^  condition  within  the  i^^  test 
section. 

e/..x   =  Error,  NID  (0,6^). 

and  other  terms  are  as  defined  in  Equation  1. 

The  results  of  analysis  of  variance  are  given  in  Table 
13.   It  would  be  observed  that  there  was  a  significant  difference 
in  number  of  crack  intersections  per  100  ft  (30  m)  length  of 
pavement,  between  good  and  failed  locations  within  a  test 
section.   Average  values  of  this  variable  at  good  and  failed 
locations  are  indicated  in  Table  12.   These  results  show  that 
random  and  irregular  crack  patterns  are  indicative  of  poor 
pavement  condition  whereas  uniform,  evenly  spaced  crack 
patterns  with  relatively  few  intersecting  cracks  are  representative 
of  good  pavement  condition. 


CONCLUSIONS 
The  results  reported  in  this  paper  are  based  on  a 
comparison  of  properties  of  failed  test  locations  with  good 
test  locations,  within  test  sections  showing  significant  dis- 
tress, as  indicated  by  a  breakup  or  a  patch.   These  results 
were  derived  from  a  statistical  analysis  of  a  portion  of 
pavement  condition  data  obtained  from  a  field  investigation 
of  CRC  pavements  in  Indiana.   As  such,  the  conclusions  based 
on  these  results  have  a  limited  inference  space  and  do  not 
apply  to  a  comparison  of  test  sections  showing  adequate 
performance  with  those  indicating  significant  distress  as 
evidenced  by  a  breakup  or  a  patch. 
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The  following  conclusions  pertain  to  an  evaluation  of 
parameters,  relating  to  the  performance  of  CRC  pavements  in 
Indi  ana . 

1.  Subgrade  CBR.   No  significant  difference  in  subgrade 
CBR  was  indicated  between  good  and  failed  locations. 

2.  Subbase  CBR.   Subbase  CBR  values  obtained  at  good 
locations  were  higher  than  the  values  obtained  at 
failed  locations.   Higher  CBR  values  were  obtained 
at  the  core-hole  than  at  the  shoulder.   The  higher 
values  at  the  core-hole  posi ti ons  coul d  be  due  to 
the  confining  effect  of  the  pavement  slab. 

3.  Concrete  Properties.   Pavement  failures  were  associated 
with  concrete  having  relatively  low  bulk  density  and 
modulus  of  elasticity.   No  significant  difference 

in  splitting  tensile  strength  was  indicated  between 
good  and  failed  locations.   Also,  there  was  no 
significant  difference  in  the  uniformity  of  concrete 
above  and  below  the  steel  reinforcement  with  respect 
to  bulk  density,  tensile  strength  and  modulus  of 
el astici ty . 

4.  Dynamic  Pavement  Deflection.   Average  pavement  de- 
flection at  good  locations  was  about  58  percent  of 
average  deflection  at  failed  locations.   Higher 
deflections  were  observed  at  the  pavement  edge  than 
at  the  interior  of  the  outside  lane.   Deflections 
decreased  in  magnitude  with  increasing  distance  from 
the  pavement  edge.   Deflections  at  crack  positions 
were  not  significantly  different  from  deflections  at 
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mid-span  positions  between  transverse  cracks.   From 
the  standpoint  of  pavement  condition,  deflections 
close  to  the  pavement  edge  were  more  critical  than 
deflections  at  the  interior  of  the  outside  lane. 

5.  Crack  Width.   Mean  crack  width  at  good  locations  was 
0.013  in  (0.33  mm)  while  the  mean  crack  width  at 
failed  locations  was  0.032  in  (0.81  mm). 

6.  Crack  Spacing.   No  significant  difference  in  mean 
crack  interval  was  indicated  between  good  and  failed 
locations.   However,  a  measure  of  variance  of  crack 
interval,  indicative  of  uniformity  of  crack  spacing, 
yielded  more  promising  results.   It  was  shown  that 
the  standard  deviation  and  coefficient  of  variance 

of  crack  interval  at  good  locations  were  significantly 
different  from  those  at  failed  locations. 

7.  Crack  Intersections.   A  large  number  of  intersecting 
cracks  were  indicated  at  failed  locations  than  at 
good  locations  thereby  indicating  that  good  pavement 
condition  is  associated  with  uniform,  evenly  spaced 
transverse  crack  patterns. 
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APPENDIX  1  . 


DESCRIPTION  OF  EQUIPMENT  USED  IN  THE  CRCP  FIELD 
STUDY 


1.   HIGH  LOAD  PENETROMETER.         This  is  a  static  soil 

strength  tester.   It  consists  of  a  two  inch  diameter  cone 
point  mounted  at  the  rod  end  of  a  hydraulic  cylinder.   The 
hydraulic  cylinder  or  jack  is  connected  by  a  hose  to  a 
hand  pump  which  provides  the  hydraulic  pressure  to  extend 
the  cylinder.   This  arrangement  provides  a  large  penetration 
force  on  the  test  probe.   The  test  probe  is  sized  so  that 
the  effect  of  gravel,  in  the  range  of  sizes  commonly 
found,  can  be  included  as  part  of  the  measured  soil 
strength.   The  penetrometer  is  calibrated  in  terms  of 
California  Bearing  Ratio  (CBR).   The  CBR  of  soil  can  be 
determined  as  a  function  of  the  soil  failure  pressure  under 
the  influence  of  the  cone  point.   The  relationship  of  CBR 


(Al) 


and  this  failure  pressure  is  expressed  as: 

P      P 
CBR  =  *_$_  Is 

25   "   416670 
where 

CBR  =  California  Bearing  Ratio  (percent) 

P   =  Soil  failure  pressure  in  psi  exerted  on  the 

projected  area  of  the  2  in.  diameter  cone  point 

(3.14  in.^). 
Any  friction  and  shear  forces  at  the  side  of  the  cone  point 
are  included  in  the  total  force. 

The  High  Load  Penetrometer  was  used  for  subbase  evaluation 
in  the  field  study  of  CRC  pavements. 
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DYNAMIC  CONE  PENETROMETER.   The  Dynamic  Cone  Penetrometer 
(DCP)  is  a  modified  version  of  the  penetrometer  used  by 
the  Country  Roads  Board,  Australia.   It  consists  basically 
of  a  10  kg  hammer  sliding  on  a  16  mm  rod  dropping  through 
a  distance  of  460  mm  and  striking  an  anvil  at  the  lower 
end  of  that  rod,  on  the  end  of  which  is  a  hardened  steel 
cone,  20  mm  in  diameter.   The  penetrometer  is  driven  by 
blows  of  the  drop  hammer  and  the  penetration  per  blow  in 
mm  is  measured  on  graduations  on  the  upper  rod  and 
recorded.   The  CBR  value  of  the  in-situ  soil  can  be 
obtained  from  penetration  versus  CBR  calibration.   The 
bearing  value  of  soils  in  the  range  of  CBR  1  to  50  can  be 
rapidly  determined  by  the  use  of  the  DCP.   It  should,  how- 
ever, be  noted  that  the  DCP  is  not  suitable  for  use  in 
granular  soils,  coarse  sand   probably  being  the  limit  of 
usability.   In  the  field  investigation  of  CRC  pavements, 
DCP  was  used  for  subgrade  evaluation. 

DIRECT  MEASURING  MICROSCOPE.   Crack  widths  were  measured 
by  means  of  a  SOX,  pocket  size  direct  measuring  microscope. 
This  is  a  handy  microscope  with  a  precision  glass  reticle 
having  a  0.1  in.  scale  calibrated  in  increments  of  0.001 
in.   Estimates  of  up  to  0.0005  in.  can  be  made  by  this 
devi  ce. 

DYNAFLECT.   This  is  an  electro-mechanical  system  for 
measuring  the  dynamic  deflection  of  a  surface  or  structure 
caused  by  an  oscillatory  load.   Deflection  measurements  are 
independent  of  a  fixed  surface  reference.   The  deflection 
readings  obtained  by  this  system  range  from  30  milli-inches 
(.03  in)  to  ten  micro-inches  (.00001  in). 
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Table  7.   Relationship  Between  Pavement  Condition  and 

Concrete  Properties  * 


Concrete 
Properti  es 

"    Pavement    Condition 

Good 

Failed 

Average    Bulk    Density,    Y- 
Ib/ft-^    (kg/m^) 

141.3      (2264) 

140.3      (2248) 

Average    Dynamic   Modulus   of 
Elasticity,    E 

10^psi(10^kgf/cm^) 

5.01         (0.352) 

4.71       (n.331) 

Average   Splitting   Tensile 
Strength,    f. 

psi(kgf/cm^) 

525.8      (36.97) 

503.3    (35.39) 

♦Average  of  Test  Data  from  15  test  sections. 


Table  8.   Concrete  Characteristics  Above  and  Below  The 

Steel  Reinforcement* 


Concrete 
Properties 

Above   the   Steel 
Reinforcement 

Below  the   Steel 
Reinforcement 

Average    Bulk 
Density,    y_ 

lb/ft^(kg/m^) 

141.6        (2268) 

141.1         (2260) 

Average    Dynamic 
Modulus   of   Elas- 
ticity,   E^ 

lO^psi    (lO^kg/cm^) 

4.85           (0.341) 

4.86          (0.342) 

Average    Splitting 

Tensile    Strength, f^. 

2 
psi    (kgf/cm   ) 

509.9         (35.85) 

519.2         (36.50) 

♦Average  of  test  data  from  15  test  sections. 
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FIG.  2       EFFECT      OF    POSITION      AND 
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FIG.  3       RELATIONSHIP  OF   CRACK  WIDTH 

WITH    POSITION  AND  PAVEMENT 
CONDITION     (MEASUREMENTS  MADE 
IN  TRAFFIC  LANE). 
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